We investigate the formation of positively charged fragments of acetonitrile (CH 3 CN) in intense 800 nm, 50 fs pulses of radiation using a reflectron time-of-flight (TOF) ion mass spectrometer. Singly-charged ions of CH n CN
and + CH 2 3 were observed in the mass spectra. Quantum chemical calculations with GAMESS (General Atomic and Molecular Electronic Structure System) of appearance energies for the parent molecule and daughter fragments have been carried out. Intensity dependent ion yields were measured for intensities betweeń 14 2 Angular distributions of most fragment ions were found to peak when the laser radiation was polarized parallel to the TOF axis, while the carbon ions, C + and C 2+ , were found to have maxima for both polarizations parallel and perpendicular to this axis. Kinetic energies of H + fragments were experimentally measured and three different photo dissociation mechanisms were identified.
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Introduction
The interaction of intense laser fields with atoms and molecules leads to strong field phenomena, such as multiphoton ionization (MPI), tunneling ionization (TI), and Coulomb explosion (CE) [1] [2] [3] [4] [5] [6] [7] . By focusing amplified femtosecond laser radiation, peak intensities of -10 W cm 15 2 are routinely achieved. Strong laser fields affect the properties and structure of molecular systems that are different than those found for atomic systems. In previous experiments, the ionization and dissociation of small molecules such as CH 4 , C 2 H 6 , CO 2 , NO 2 , H 2 , and N 2 have been studied [8] [9] [10] [11] [12] [13] , and various processes, such as asymmetric fragmentation, were observed. Photodissociation can occur after one or several electrons are removed from a molecule by the laser field. At low peak intensities, singly-charged ions may be observed and the yields are described by MPI, where the power law dependence µ Y I n can be used to determine the number of photons required to ionize the molecules. Above an intensity where a significant portion of molecules are ionized, the ionization mechanism tends to scale as µ / Y I 3 2 due to the volume effect [8] . Currently, the understanding of the dissociation of polyatomic molecules in an intense laser field is an ongoing challenge, and more experimental and theoretical studies are required to understand relevant dissociation mechanisms.
In this study, we report on experimental results for the ionization and photofragmentation of acetonitrile using a reflectron time-of-flight (TOF) ion mass spectrometer. Acetonitrile, also known as methyl cyanide, is of interest to researchers, since it is the simplest organic nitrile compound [14, 15] . Acetonitrile and its fragments are essential in the study of the origins of life. It has astrophysical importance [16] and was found in comets, interstellar clouds and the Earth's stratosphere [17] . For these reasons, it is important to understand the strong field fragmentation of acetonitrile. Ionization and dissociation of acetonitrile has previously been studied experimentally and theoretically by several groups using electron impact and photoelectron techniques [18] [19] [20] [21] . However, data on the dissociative ionization of acetonitrile in femtosecond fields are scarce. From electron impact ionization experiments the dissociation of acetonitrile, and appearance energies have been determined from energy distribution [19] . Photoionization and photodissociation of acetonitrile were reported in the intensity range of6.3 10 13 to´-1.2 10 W cm 14 2 using 50 fs, 800 nm pulses of radiation [22] . In this previous work, detection of the singly charged fragment ions CH n CN + (n=0-3) and the mechanism of photodissociation was reported, but no information on other fragments was provided. We performed a detailed study of all photo-fragments of acetonitrile and measured the angular and intensity dependences of the observed fragments. Our work is supplemented by quantum chemical calculations for the ionization and appearance energies using GAMESS (General Atomic and Molecular Electronic Structure System), and the results are compared with those of the available experiments. To gain additional insight into possible fragmentation mechanisms, we analyzed the kinetic energy of H + ions formed through different processes.
Experimental setup
Our experimental setup consisted of a Ti:sapphire laser system delivering 50 fs, 800 nm, 1 mJ pulses at a repetition rate of 1 kHz. For intensity scans, a half-wave plate and a polarization cube were placed into the path of the laser beam. By rotating the half-wave plate, the polarization was changed, and since the cube polarizer transmitted only the horizontal component of the polarization, the intensity could be adjusted as needed. When rotating the polarization for angular scans, the polarization cube was removed, and the wave-plate was positioned directly in front of the entrance window. Figure 1 depicts the TOF apparatus consisting of reflected and direct ion paths. The ionization chamber and the flight tube of the spectrometer were evacuated to a pressure of ∼9×10 −9 mbar. Acetonitrile (99.9% purity) was vacuum distilled in a separate chamber and then introduced into the ionization region through a leak valve to an operating pressure of 5×10 −7 mbar. Laser radiation was focused on the ionization chamber between a slit and a repeller plate by a lens having a focal length of 22.7 cm. The size of the slit was 400×12 μm. This size was chosen to reduce the influence of the spatially varying intensity distribution, so that ions were mostly collected from the center of the focal area (Rayleigh range is ∼500 μm and the radius of beam waist is ∼12 μm). The repeller plate and the slit plate were separated by a distance of 3 mm. The repeller plate had a positive voltage of 1.5 kV, while the slit plate was held at ground potential. Ions created in the focal region were accelerated toward the slit by the electrostatic field created between the plates. Because the laser beam has a spatial extent, ions having the same mass-tocharge ratio and originating at different positions enter the flight tube with different kinetic energies. For this reason, these ions will have different flight times. To solve this problem, the TOF spectrometer was constructed with a set of grids (ion mirrors) to reflect ions back onto a detector (MCP1). Ions with larger kinetic energies penetrate deeper into the reflecting grids, while ions with smaller kinetic energies penetrate less deep, so that with suitably adjusted voltages on the grids all ions arrive at the detector at the same time. Figure 2 shows calculated TOF dispersion curves of the parent and deprotonated ions, CH 3 CN + and CH 2 CN + , with respect to their initial ion positions in the ionization region. The flat part of the curves (around 1.7 mm-2.0 mm) demonstrates that ions having the same mass-to-charge ratio and originating within this region (within the focal spot) arrive at the detector at nearly the same time. The TOF separation of these ions having masses of 41 amu and 40 amu is shown in figure 2 to be about 400 ns. For lighter fragments, the TOF separations will be even larger e.g., the time separation between C + and + CH 2 is around 1400 ns. To detect ions, microchannel plate (MCP) detectors were used, and a broadband preamplifier (Mini Circuits ZKL-2, 500 MHz frequency bandwidth) was employed to amplify the ion signal from the MCPs. The signals were then recorded using a multiscalar (MCS6, FAST ComTec) having a 100 ps time resolution.
Results

Mass spectra
The TOF mass spectrum of acetonitrile irradiated by laser pulses with a peak intensity of´-3 10 W cm 14 2 is shown in figure 3 . The mass spectra were measured using linear polarization (horizontal, along the TOF axis; and vertical, perpendicular to the TOF axis). The CH 2 CN + ion peak at m/ q=40 was the dominant peak for the different polarization orientations. The ions of CH n CN + (n=0-3) show similar shapes in the mass spectra for both vertical and horizontal polarizations. However, the H + and + CH 2 peaks were strongly suppressed when vertical polarization was used. The peaks with mass to charge ratios of m/q=18, 28 and 32 are from . Some contribution to the m/q=14 peak can also come from the dissociation of residual N 2 , The lowest required energy for this dissociation was found to be 24.3 eV [24] . This value is high in comparison to the appearance energy of + CH . 2 We also show the mass spectrum for residual gases at the same intensity, and only H 2 O + , + N 2 and + O 2 are present in the mass spectrum, so that there was no noticeable contribution to any peaks of interest in the mass spectrum from residual gases. These arguments support our assumption that the peak at m/q=14 and m/q=1 are due to + CH 2 and H + . The HCN + peak at m/q=27 occurs through a hydrogen migration process [23] .
Angular distributions
The most noticeable feature in the yields of figure 3 is the suppression of ion peaks when the laser polarization is orientated vertically (i.e. perpendicular to the TOF axis). For this reason, we measured angular distributions of the fragment ions at an intensity of 3×10 14 W cm
. A half-wave plate, with its Upper and middle panels show TOF mass spectra for acetonitrile with horizontally and vertically polarized laser beams at the intensity of´-3.3 10 W cm .
14 2 The bottom panel shows TOF mass spectra for residual gases with horizontally polarized light at the same intensity with no acetonitrile.
rotation angle controlled by a LabVIEW program, was used to rotate the polarization angle of the laser beam. We measured the ion yields from 0°to 180°that are parallel to the TOF axis and for better viewing symmetrically reflected data for the angles between 180°and 360°. Although we expect left-right symmetry of these dependences, we observed slight asymmetries, which may be due to laser power variations. Figure 4 shows the measured angular-dependent yield for CH n CN + (n=0-3) ions. All ion yields have been normalized to the parent ion CH 3 with maxima at 0°and 180°, and minima at ∼90°and ∼270°.
In figure 4 , we also fitted each fragment ion yield with
the differential cross section, σ is the integrated cross section, Ω is the solid angle, q ( ) P cos n is the Legendre polynomial of order n. β is the anisotropy or asymmetry parameter which has values between −1 and 2 [25, 26] . Table 1 shows the values of σ and β parameters up to sixth order as well as the maximum number of terms used in the fitting. Error bars for our data are smaller than the symbols used in the angular plots.
Angular-dependent ion yields for the lighter fragments
and H + are shown in figure 5 . The fragments H + and + CH 2 were found to exhibit strong anisotropic behavior with yield maxima at 0°and 180°. The decreases in yields for these ions were observed at 90°and 270°, and they are the strongest for H + . The angular distribution for C + and C 2+ shows two peaks, one for horizontal and one for vertical polarization. The vertical yield was found to increase as the charge state increases. The reason for the two maxima is . Solid lines are fitted curves to the differential cross section. requires 17.55 eV; however, much less energy is needed to get C + from CCN molecules. This observation of perpendicular fragmentation is similar to that observed by Graham et al [27] , in which N q+ (q=1-4) ions are ejected perpendicular to the N 2 O molecule, which is structurally similar to CCN. According to their work, the peak for horizontal polarization comes from the peripheral N atom, while the vertical peak comes from the central N atom. Analogously, we expect that the central C atom is responsible for the vertical peak, and the peripheral C atom is responsible for the peak in the horizontal direction.
Intensity dependences
We have also studied the intensity dependence of photofragmentation of acetonitrile in the range of intensities from 4.4×10 13 . Measurements at 50 different laser intensities were performed while all other laser parameters were kept constant. Figures 6 and 7 show the results of the intensity scan for acetonitrile. The almost straight segments of the dependences on a log-log scale for relatively low intensity values between 5×10 13 W cm −2 and 1×10 14 W cm −2 suggest a multiphoton mechanism under the assumption of a multiphoton mechanism of photodissociation, µ ( ) Y I I , n where Y(I) is the ion yield and I is the peak intensity of the laser beam. The number of photons, n, . Vertical lines show the intensity interval used for determination of the slopes. required for the appearance of each ion can be calculated as = ( ( )) ( ) n Y I I log log , which is just the slope of a straight line fitted to the ion yield curve plotted on a log-log scale (see figures 6, 7). The fitting of the dependences with a power-law for CH 3 ) gives 8, 10, 9, and 11, respectively. These slopes are not exactly integer values, but we chose the closest integer values for each slope. The error for the appearance energies will be less than one photon energy which is 1.55 eV for 800 nm wavelength. In order to ionize the parent molecule, 8 photons are needed, so we can conclude that an upper limit of ionization energy is 12.40 eV, which is close to the literature values of 12.20 eV and 12.38 eV [18, 20] . The appearance energies for other fragments: CH 2 CN + , CHCN + and CCN + can be obtained in the same way and give the values 15.5 eV, 13.95 eV and 17.05 eV, respectively. These values compare favourably with the appearance energies found by the interaction of acetonitrile with low energy electrons [22] . This indicates that multiphoton ionization is indeed the dominant mechanism in this intensity range. This is further supported by the Keldysh parameter (between 1.536 and 0.56) for the ionization potential of CH 3 CN in the same intensity range of 4.4×10 13 The ionization and appearance energies of the fragments were also calculated using GAMESS with the restricted Hartree-Fock (RHF) approach and the 6-311G basis set. Different pathways were calculated with GAMESS for each fragment, and the ones that are matching our experimental results were chosen. The only possible mechanism for appearance of CH 3 where n is the number of required photons and n h is the photon energy. The calculated value of 12.16 eV is in good agreement with the measured value of 12.40 eV for the process in equation (2) . Other calculated and experimental appearance energies are compared in table 2.
Kinetic energy release of H +
To gain further insight into the mechanisms associated with the appearance of different ion species, the kinetic energy of the H + ions was measured using the direct path mode of the TOF spectrometer. In this mode of operation, the voltages on the ion mirror were set to zero, and a small potential was applied to the repeller plate, which allows ions with different kinetic energies to arrive at different times to the MCP2 located at the back side of the flight tube (figure 1). Angular distributions of H + ions were measured using the same method as discussed in the previous section. A two-dimensional plot of H + ion yields as a function of the TOF and polarization angle is shown in figure 8 . In this data, we observed three different distinct peaks for the H + ions suggesting that not all of the H + ions arise from the same mechanism. In figure 8 , the peak, labelled quasi-equilibrium theory (QET), located around ∼9.4 μs, is seen to be largely independent of the polarization angle. The peak labeled field assisted dissociation (FAD) appears around ∼9.1 μs and shows a strong enhancement when the polarization is along the TOF axis. The peak appearing around ∼8.0 μs, and labeled Coulomb explosion (CE), is also polarization dependent and broader. Time intervals of 7.7-8.4 μs, 9.0-9.2 μs, 9.3-9.45 μs were used to integrate the peaks for CE, FAD and QET for each angle. The resulting angular distributions of each peak are shown in polar plots in figure 8(b) . The polarization independence of the QET peak, on the top in figure 8 , is explained by the QET or the Rice-Ramsperger-Kassel-Marcus (RRKM) dissociation mechanism [28] . According to these theories, after a molecule has been ionized, the new potential energy surface is different from the initial potential energy surface, and the system is left in an excited state. Excess energy from these 'hot' molecules is redistributed among the various internal degrees of freedom. This excess energy is not localized, but it is statistically distributed in the molecule and depending on the system there might be enough energy to break a specific bond, resulting in the molecule dissociation. A characteristic of this type of dissociation is that it is described statistically and dissociation only slightly depends on the polarization. In experiments on dissociation of + H 2 [30] the KER distribution for H + also exhibited three peaks, and the one with the lowest KER values was attributed to bond softening. However, contrary to our results, the bond softening peak is strongly polarization dependent, while the QET peak we observed shows almost isotropic behaviour, so that the first peak in our data does not come from bond softening process. The peak labelled FAD shows maxima in the polarization at 0°and 180°, and minima at 90°and 270°. These peaks are attributed to FAD. In the FAD mechanism, the laser field is considered large enough, so that it can sufficiently distort the potential energy curve along a bond axis thereby effectively 'pulling off' a chemical bond [29] . This mechanism strongly depends upon the laser polarization and results in a small kinetic energy release from bond softening [30] . The peak labeled CE has a broader TOF distribution compared to the other peaks and shows an angular dependence similar to the FAD peak. The broad distribution and angular dependence of the peak indicates that these ions originate from CE. CE produces broader peaks in time because of the backward and frontward directed ejection of H + having a larger difference in arrival time [31] . As discussed above, it is expected that CE occurs at larger intensities, while dissociation following QET occurs at lower intensities. In figure 9 , the intensity dependent yields of H + for each process are shown. This data depicts that the peak associated with QET has the lowest appearance intensity similar to the appearance intensities of the singly charged ion, where MPI is known to be the dominant ionization mechanism. This is followed by the FAD peak and the CE peak. The CE peak has a larger appearance intensity and is near that of the doubly charged species. The order in which the yields appear on the intensity graph supports our claim that the H + ions arise from different processes. A similar observation was first observed by Strohaber et al in the dissociative ionization of methane [8] .
We note that contributions to the total fragment yields from different multiphoton processes, ionization from several molecular orbitals [32] [33] [34] (and not only HOMO) as well as different fragmentation channels can result in a broadening of the KER distribution of the fragments and also to a modification of the angular dependences of the yields [35] . The role of the additional contributions can increase with the intensity, when saturation effects become significant and the yield discrimination depending on the minimal required energy for a particular channel becomes less strict.
In order to determine the kinetic energy of the measured H + ions, the TOF as a function of focal position in the acceleration region was calculated for frontward and backward ejected ions using Newton's second law, figure 10 using equation (3) . In the case of zero initial kinetic energy = KE 0, the dependence of equation (3) is shown by the solid red curve in figure 10 . For the case where = KE 3 eV, equation (3) gives the black circles and crosses shown in figure 10 . The circles represent the forward directed fragments and the crosses represent the backward directed fragments. Similar data is shown by the blue circles and crosses for a kinetic energy of = KE 15 eV.
In order to determine the initial kinetic energy of the hydrogen ions from their TOF in the measured spectrum, the position of the focus in the acceleration region must be determined. This can be accomplished by solving equation
Since it is difficult to measure the position of the focal point between the repeller and slit plates during the experiment, two different potentials were applied to the repeller plate and the yields were measured using the same peak intensities (figure 11), which allowed the position of the focus to be double checked. Here, we used perpendicular polarization since the main peak (highest one in figure 11 ) is well defined, and also it is easy to isolate from other peaks when the polarization direction was perpendicular to TOF axis. When a higher voltage is used, ions arrive at the detector earlier and the peaks become narrower. The time difference between the two QET peaks is around 1.3 μs. Inserting all relevant quantities into equation (4), we find that the focal position x 0 is equal to 1.868 mm for 90 V and 1. 864 mm for 117 V, giving an average focal position of 1.866±0.002 mm. Using this focal position, a list of TOFs for H + ions was calculated using a list of kinetic energies from 0-30 eV. Gaussians were fitted to each peak to find the TOF positions for different intensities (Gaussian fits are shown in figure 12 ). Kinetic energies corresponding to each centre point of the Gaussians were found using . This data is used to determine the focal position in the interaction region. For both measurements polarization direction was perpendicular to the TOF axis. the interpolation method in Matlab. Kinetic energy release as a function of intensity is shown in figure 13 for each of the three peaks. This figure indicates that the KER of H + formed via CE increases with increasing laser intensity from about 9 eV to 15 eV. This trend is consistent with reported kinetic energy release of H + formed from propane (C 3 H 8 ) [36] . The explanation is that as the intensity increases, ionization occurs earlier and at a smaller internuclear separation distance resulting in a larger Coulomb force and therefore a larger CE. The middle peak FAD shows a smaller increase in KER from 2 eV to 3 eV and the QET peak shows no change. In [37] , the first peak is attributed to bond softening and the second peak is attributed to above threshold dissociation. In that paper, KER of these two peaks decreases with the increasing intensity, but in our results KER of these peaks shows a different trend. KER of FAD peak is increasing while the KER of QET peak is not changing. These results further support our claims that the first and second peaks do most likely not originate from bond softening and above threshold ionization, but they are coming from QET and FAD.
Conclusions
We have performed a detailed experimental study of the ionization and dissociation of acetonitrile (CH 3 CN) including observations of the fragment ions' angular distributions with intense 50 fs laser pulses and a reflectron TOF mass spectrometer. Lighter ions showed a strong angular dependence, while the yields of heavier fragments were less affected when the polarization was varied. Power dependences of ions in the intensity range from 4.4×10 13 W cm −2 to 3.3×10 14 W cm −2 showed that the parent CH 3 CN molecules are excited by a multiphoton process, and molecules in the excited states dissociated into smaller fragments. The measured kinetic energy release of H + provides evidence that in releasing of protons different dissociation mechanisms are involved, which we identified as CE, FAD and through direct ionization (QET).
